Introduction
Propargylic alcohols are useful synthetic intermediates and can be easily manipulated into a variety of useful functional groups. For that reason, several methods are available in the literature for their preparation.
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Addition of alkyne to either aldehydes or ketones, reduction of ynones, and direct addition of alkynylzinc reagents to carbonyl compounds are used to obtain related secondary or tertiary propargylic alcohols.
1−6 Moreover, alkynylation of α -keto ester provides synthesis of highly functionalized tertiary alcohols, i.e. propargylic carboxylates. 7−12 Propargylic alcohols having C-P bonds are considered close analogues of propargylic carboxylates.
Addition of organoaluminum reagents to carbonyl compounds for the synthesis of secondary and tertiary alcohols is well known. 13−16 Organoaluminum reagents are easy to handle and are commercially available. However, those not commercially available can be easily prepared according to a literature procedure. 17 Organoaluminum reagents are very attractive for their utilization in asymmetric synthesis. 13−16 Trialkyl aluminum reagents are used as alkyl donor in the addition reaction while trialkynylaluminum reagents are the source of alkynyl type C-based nucleophiles.
α−Functionalized phosphonates are medicinally important molecules due to their wide range of biological * Correspondence: spcakir@comu.edu.tr activities. Hence, there are many published procedures for synthesis and investigation of their biological activities. 18−26 For both synthesis and study of their biological activity, tertiary propargylic phosphonates still need more attention. In continuation of our work on acyl phosphonate chemistry, herein we present the synthesis of tertiary propargylic phosphonates by simple addition of trialkynyl organoaluminum reagents to acyl phosphonates and also present our investigation on the antimicrobial activity of selected propargylic phosphonates.
Results and discussion
Recently, we have reported that aryl and alkyl acyl phosphonates 1 can react with trialkyl organoaluminum reagents such as Me 3 Al and Et 3 Al to produce the related secondary and tertiary α -hydroxy phosphonates.
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In the same article, we also briefly described the alkynylation reactions of acyl phosphonates with the triethynylaluminum reagent to afford the desired α -hydroxy phosphonates 2 in moderate yields, i.e. 67% in the case of R 1 =H, 57% in the case of R 1 =Me, and 44% in the case of R 1 =Cl (Scheme). Encouraged by the results obtained from this preliminary study, we have extended our research and investigated the scope of alkynylation reaction of acyl phosphonates with different trialkynyl organoaluminum reagents to obtain tertiary propargylic phosphonates. In addition, we have studied the capacity of the synthesized propargylic phosphonates as antimicrobial agents. The acyl phosphonates were prepared by treating the parent chlorides with triethyl phosphites according to the literature procedure. 28 Tris-(propynyl) and tris-(phenylethynyl)aluminum reagents were also prepared by following the literature procedure, 17 i.e. 1-propynyl magnesium bromide solution was reacted with dry AlCl 3 to give tris-(propynyl)aluminum.
We initially investigated the addition of tris-(propynyl)aluminum reagent to a variety of acyl phosphonates, 1a-m (Table 1) . In all cases, the desired tertiary propargylic alcohols were obtained without cleavage of the C-P bond in good yields. The reaction of benzoyl phosphonate 1a with tris-(propynyl)aluminum gave the desired tertiary propargylic alcohol 3a in 56% yield. When the electron donation was increased from -CH 3 to -OMe, the yields were lower (entries 2 and 4, Table 1 , 53% and 41% yields, respectively).
When the methyl group was at the ortho position (entry 3, Table 1 ), the desired tertiary propargylic alcohol 3c was obtained in lower yield (32%) due to the bulkiness around the reactive site. The addition reactions of compounds 1e and 1h with tris-(propynyl)aluminum were smooth and afforded compounds 3e (70%) and 3h (61%) in good yields. The reaction of 4-trifluoromethyl benzoyl phosphonate with tris-(propynyl)aluminum proceeded efficiently to give compound 3k in good yield (75%). We also carried out the alkynylation reaction of alkyl phosphonates 1l and 1m. However, in these cases the corresponding tertiary propargylic alcohols 3l and 3m were obtained in low yields (32% and 38%, respectively). Our next attempt was to use tris-(phenylethynyl) aluminum reagent in alkynylation of the acyl phosphonates (Table 2 , entries 1-9) to obtain tertiary propargylic phosphonates. The reaction of benzoyl phosphonate 1a with freshly prepared tris-(phenylethynyl)-aluminum gave compound 4a in 61% yield. On the other hand, Zbiral et al. 29 have synthesized compound 4a by direct addition of organolithium reagent PhC≡ CLi to benzoyl phosphonate 1a, reporting 58% chemical yield. When the electron-rich benzoyl phosphonates 1b and 1d were used, the corresponding alcohols 4b and 4d were obtained in decreasing yields (Table 2 , entries 2 and 4, 59% and 39% yields, respectively). The electron-poor benzoyl phosphonates entries 5-9 in Table 2 afforded the desired propargylic alcohols in good yields. We generally obtained better chemical yields with tris-(phenylethynyl)aluminum compared to tris-(propynyl)aluminum, probably due to the stability of the resulting propargylic phosphonates.
Compounds 4a, 4e, 4k, 4h, 3a, 3e, 3h, and 3k were selected and investigated for antimicrobial activity against 7 different microorganisms and the results are shown in Table 3 . Most of the propargylic phosphonates did not show distinctive and wide antimicrobial activity for bacteria. Only 3 compounds, 4a, 4e, and 4h, showed weak inhibition against 2 of the gram-positive bacteria. On the other hand, while the positive control did not present any meaningful activity, 2 of the compounds, 3a and 3h, exhibited clear antifungal activity, especially against molds. When we compare the structures of compounds 4 and 3, we can see that there is a clear difference in the conjugation of the triple bond with the double bond of benzene. This may change the dipole moment and may help to explain the better activity of compounds 3. The active compounds against the test organisms were examined to determine their minimum inhibitory concentration (MIC) values. The MIC values of selected propargylic phosphonate compounds are presented in Table 4 in comparison to reference antibiotics. All of the studied compounds showed antimicrobial activity against all test microorganisms studied. Compounds 4a, 4e, and 4h exhibited comparatively low MIC values in the range of 12.5-25 µ g/mL. However, they were less active than the reference antibiotics, vancomycin, erythromycin, and bacitracin. The MIC value of 3h against Saccharomyces cerevisiae was the same as that of fluconazole. Compounds 3a and 3h were determined to exhibit potent antifungal activity against 3 molds with the MIC value of 100 µ g/mL. Their activity values were found to be better than those of fluconazole. These compounds can be potential antifungal drugs, especially for molds.
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The current work shows that tertiary propargylic alcohols having a C-P bond can be easily prepared in good yields by adding trialkynylaluminum reagents to acyl phosphonates. Alkynylation reactions of acyl phosphonates work better with aryl substituted acyl phosphonates compared to alkyl phosphonates. Moreover, the electronic features of the aromatic moieties affected the chemical yield in such a way that introduction of an electron-withdrawing group on the phenyl ring gave a better chemical yield. This route offers a simple and efficient method for the synthesis of tertiary propargylic alcohols without cleavage of the C-P bond. Future work will focus on the rearrangement of tertiary propargylic phosphonates. Antimicrobial activities of selected propargylic phosphonates against Micrococcus luteus NRRL B 4375, Bacillus cereus LMG 8221, Saccharomyces cerevisiae NRRL Y 12632, Candida krusei ATCC 6258, Aspergillus parasiticus NRRL 465, Aspergillus flavus NRRL 1957, and Penicillium chrysogenum NRRL 807 were also investigated. Most of the propargylic phosphonates did not exhibit any antimicrobial activity for bacteria. However, when we compare compounds 3a and 3h and the reference antibiotic, compounds 3a and 3h showed good antifungal activity, especially against molds, according to their MIC values. Table 4 . The minimum inhibitory concentrations (MIC in µ g/mL) of compounds 4a, 4e, 4h, 3a, 3h, and 3k.
Compounds
Test a All abbreviations used are the same as those in Table 3 . b NT: Not tested.
Experimental section
All the reactions that were sensitive to air and moisture were performed under argon. Organic solvents used in the reactions were distilled prior to use; dichloromethane was freshly distilled from calcium hydride; THF and toluene were distilled from sodium/benzophenone. The progress of all reactions was monitored by TLC, which was carried out on silica gel plates with fluorescent indicator. Crude compounds were purified by flash column chromatography using 230-400-mesh silica gel with hexane-EtOAc mixtures as the eluting solvent. Melting points are uncorrected and were determined on a hot stage microscope. All commercially available reagents were used as received unless otherwise reported. All NMR spectra were recorded at room temperature on a First, antimicrobial activities of the synthesized compounds were screened by the disk diffusion method.
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Overnight grown bacteria and yeast cultures were adjusted to 0.5 McFarland turbidity standards to 10 8 and 6 cfu/mL, respectively. Mold spore suspensions were prepared as 10 6 spore/mL. Then 100 µ L cell or spore suspensions were spread on the surfaces of Mueller-Hinton Agar (MHA), Sabouraud Dextrose Agar (SDA), and Malt Extract Agar (MEA) for bacteria, yeast, and molds, respectively. Propargylic phosphonates 4a, 4e, 4k, 4h, 3a, 3e, 3h, and 3k were dissolved in DMSO and the disks (6 mm dia) including 50 µg of synthesized compounds were placed on the inoculated media. The petri dishes were incubated at 37
• C for 24 h for bacteria and at 30
• C for 2-3 days for fungi. Antimicrobial activity was determined by measuring the radius of the inhibition zones around the disks. Vancomycin (30 µ g), erythromycin (30 µ g), and bacitracin (10 U) disks were used as positive controls for bacteria and fluconazole (10 µ g) disks were used for fungi. DMSO was also used as a negative control. The tests were carried out in triplicate and the results are reported as the average of them. The active compounds in the disk diffusion method were selected to assign MIC values.
In the second step of antimicrobial activity studies, MIC values of selected compounds were determined by the conventional agar diffusion method. 33 To obtain the appropriate concentrations ranging from 200 to 0.78 µ g/mL, 2-fold serial dilutions of the selected propargylic phosphonates and reference antibiotics (vancomycin, erythromycin, and bacitracin for bacteria and fluconazole for fungi) were prepared in MHA, SDA, and MEA for bacteria, yeast, and molds, respectively. The inoculants' preparations and incubation conditions were the same as those in the disk diffusion method. Test media supplemented with solvents and without any phosphonate compound and antibiotic were also used as controls. MIC values were described as the lowest concentration of the compound that completely inhibited growth of the test microorganisms on the petri dish.
General procedure for the synthesis of propargylic phosphonates
To a solution of acyl phosphonate (1 equiv.) in dry toluene (0.5 M) at 0 • C under argon atmosphere was added trialkynylaluminum (3 equiv., 0.23 M solution) dropwise within 2 min. The resultant mixture was stirred at 0 • C, and warmed to room temperature. After the completion of the reaction in 2-3 h, which was monitored by a TLC plate, the reaction mixture was cautiously hydrolyzed with water. The reaction mixture was filtrated over Celite and washed with ethyl acetate. The organic layer was then dried over anhydrous MgSO 4 , filtered again, and concentrated under reduced pressure. The crude product was purified by flash column chromatography using hexane-EtOAc mixtures.
Diethyl 1-hydroxy-1-phenylbut-2-ynylphosphonate (3a)
56% yield as a crystalline white solid; mp 157-158 
Diethyl 1-hydroxy-1-(4-methoxyphenyl)but-2-ynylphosphonate (3d)
41% yield as a crystalline white solid; mp 111-112 
Diethyl 1-(4-fluorophenyl)-1-hydroxybut-2-ynylphosphonate (3e)
70% yield as a crystalline white solid; mp 160-161 
Diethyl 1-(3-fluorophenyl)-1-hydroxybut-2-ynylphosphonate (3g)
65% yield as a crystalline white solid; mp 152-153 
Diethyl 1-(4-chlorophenyl)-1-hydroxybut-2-ynylphosphonate (3h)
61% yield as a crystalline white solid; mp 124-125 
Diethyl 1-(2-chlorophenyl)-1-hydroxybut-2-ynylphosphonate (3i)
49% yield as a crystalline white solid; mp: 137-138 
